INTRODUCTION {#s1}
============

The emergence and spread of highly antibiotic-resistant bacteria represent a major clinical challenge. In recent years, the numbers of infections caused by bacteria such as Clostridium difficile, methicillin-resistant Staphylococcus aureus, and vancomycin-resistant *Enterococcus* have increased markedly ([@B1]). Carbapenem-resistant *Enterobacteriaceae* (CRE) are highly drug-resistant pathogens with a rapidly increasing incidence in a variety of clinical settings ([@B2]).

Infections caused by CRE have been associated with increased cost and length of hospital stay as well as frequent treatment failures and death ([@B2]). There are several known risk factors ([@B2], [@B3]), including CRE carriage in the gastrointestinal tract (GIT), since this site serves as a source for subsequent clinical infection in approximately 9% of carriers ([@B4]). Moreover, CRE carriers serve as a major reservoir for dissemination of these pathogens in health care facilities ([@B4], [@B5]).

The complex commensal microbiota that normally colonizes mucosal surfaces in healthy individuals allows resistance to colonization and inhibits expansion and domination by antibiotic-resistant exogenous bacteria, such as members of the *Enterobacteriaceae* ([@B6], [@B7]). Microbial dysbiosis may lead to an overgrowth of antibiotic-resistant pathogens ([@B8]), which can be calamitous for susceptible patients, resulting in bacteremia and sepsis ([@B9]), and it is associated with increased risk for transmission due to increased shedding to the environment ([@B10], [@B11]).

It is reasonable to assume that alteration of the normal microbiota may be associated with the development of CRE carriage. Therefore, we aimed to determine the structure of the GIT microbiota in CRE-colonized patients.

RESULTS {#s2}
=======

To study the microbiota profile in CRE carriage, we analyzed the clinical parameters and microbial composition of three groups: hospitalized CRE carriers, hospitalized noncarriers, and healthy controls.

Study cohort clinical characteristics. {#s2.1}
--------------------------------------

The demographic and clinical characteristics of all groups in the study cohort are presented in [Tables 1](#tab1){ref-type="table"} and [2](#tab2){ref-type="table"}. There were no significant differences between the groups regarding confounding factors such as gender, ethnic origin, gastrointestinal disease, radiotherapy, chemotherapy, and diabetes mellitus. Moreover, the comparison between these factors and the microbial profile described below was insignificant.

###### 

Demographic characteristics of the study cohort

  Variable                                            Result for[^*a*^](#ngtab1.1){ref-type="table-fn"}:   *P* value                                                                                                                 
  --------------------------------------------------- ---------------------------------------------------- ------------------------------------------------------------ ------------------------------------------------------------ --------------
  Age (yrs)                                           42.2 ± 3.6 (20--72)                                  71.1 ± 3.3 (18--88)[^*b*^](#ngtab1.2){ref-type="table-fn"}   66.7 ± 2.6 (23--88)[^*b*^](#ngtab1.2){ref-type="table-fn"}   **\<**0.0001
  Gender                                                                                                                                                                                                                             
      Male                                            8 (53.3)                                             13 (59.1)                                                    22 (55)                                                      0.93
      Female                                          7 (46.7)                                             9 (40.9)                                                     18 (45)                                                      0.93
  Ethnic background                                                                                                                                                                                                                  
      Jewish[^*c*^](#ngtab1.3){ref-type="table-fn"}                                                                                                                                                                                  
          Long-term residents                         12 (80)                                              12 (54.6)                                                    16 (40)                                                      0.27
          Former Soviet Union immigrants              2 (13.3)                                             4 (18.2)                                                     12 (30)                                                      0.27
      Arabic                                          1 (6.7)                                              6 (27.3)                                                     11 (27.5)                                                    0.27
      Unknown                                         0                                                    0                                                            1 (2.5)                                                      0.27
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Ages are given as mean ± standard error of the mean (range); other values are expressed as number (percent) of patients.

Compared to the healthy group; the difference between the two other study groups was not significant.

The comparison between immigrants versus long-term residents was conducted in order to eliminate a possible effect on the microbiome.

###### 

Clinical characteristics of the hospitalized study cohort

  Variable                                                                             Result for[^*a*^](#ngtab2.1){ref-type="table-fn"}:   *P* value   
  ------------------------------------------------------------------------------------ ---------------------------------------------------- ----------- ------
  GID                                                                                  8 (20)                                               1 (4.6)     0.08
  Radiotherapy                                                                         3 (7.5)                                              2 (9.1)     NS
  Chemotherapy                                                                         17 (42.5)                                            6 (27.3)    0.16
  Diabetes mellitus                                                                    17 (42.5)                                            12 (54.6)   NS
  Cultures[^*b*^](#ngtab2.2){ref-type="table-fn"} (sputum and/or urine and/or blood)                                                                    
      Positive                                                                         33 (82.5)                                            16 (72.7)   NS
      Negative                                                                         4 (10)                                               5 (22.7)    
      Missing                                                                          3 (7.5)                                              1 (4.5)     
  Bacteremia                                                                                                                                            
      Positive                                                                         19 (47.5)                                            5 (22.7)    0.03
      Negative                                                                         17 (42.5)                                            16 (72.7)   
      Missing                                                                          4 (10)                                               1 (4.5)     
  Treatment with antibiotics[^*c*^](#ngtab2.3){ref-type="table-fn"}                                                                                     
      Yes                                                                              34 (85.5)                                            20 (90.9)   NS
      No                                                                               2 (5)                                                1 (4.5)     
      NA                                                                               4 (10)                                               1 (4.5)     
  Broad-spectrum antibiotics                                                                                                                            
      All kinds                                                                                                                                         
          Yes                                                                          27 (67.5)                                            17 (77.3)   NS
          No                                                                           9 (22.5)                                             4 (18.2)    
          NA                                                                           4 (10)                                               1 (4.5)     
      Carbapenem                                                                                                                                        
          Yes                                                                          10 (25)                                              3 (13.6)    0.2
          No                                                                           26 (65)                                              18 (81.8)   
          NA                                                                           4 (10)                                               1 (4.5)     
  Narrow-spectrum antibiotics                                                                                                                           
      Yes                                                                              7 (17.5)                                             3 (13.6)    NS
      No                                                                               29 (72.5)                                            18 (81.8)   
      NA                                                                               4 (10)                                               1 (4.5)     
  Length of stay until recruitment (days)                                              10 ± 3[^*d*^](#ngtab2.4){ref-type="table-fn"}        11 ± 2      NS
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Length of stay is given as mean ± standard error of the mean; other values are expressed as number (percent) of patients. NA, not available.

Bacteremia caused by any bacteria, and not specifically by CRE.

All hospitalized participants were receiving antibiotic treatment during the fecal sampling.

Calculated with exclusion of one patient, who was hospitalized for 263 days.

Hospitalized patients were older than the healthy individuals (average ages, 68.3 and 42.2 years, respectively). In general, antibiotic usage (broad versus narrow spectrum) and positive culture prevalence were similar in both hospitalized groups. However, the rate of bacteremia (i.e., blood infection) was twice as high in the CRE carriers.

Within the carrier group, CRE species included Klebsiella pneumoniae (*n* = 25), *Enterobacter* species (*n* = 4), Escherichia coli (*n* = 4), Citrobacter freundii (*n* = 2), Raoultella ornithinolytica (*n* = 1), and Enterobacter cloacae (*n* = 1). Three samples had missing data; CRE types included only *Klebsiella* carbapenemase (KPC) and OXA48.

Regarding antibiotic usage, it was noted that vancomycin and piperacillin treatments were used more in the CRE carriers, while amikacin and ceftriaxone treatments were used more in the hospitalized noncarriers (Kruskal-Wallis test; *P \< *0.05). Most comparative analyses were conducted between the two hospitalized groups (excluding the healthy group), because of the different age average, the strict exclusion criteria, and the lack of antibiotic treatment, which affect the microbiota.

The prevalence of positive bacterial presence in urine, sputum, and blood cultures (not specifically positive for CRE) was around 80% and similar between both hospitalized groups. However, a higher bacteremia rate was found in the CRE carriers than in the noncarriers (53% versus 24%, respectively; *P = *0.03). Interestingly, 74% (14 of 19) of the bacteremias detected in the CRE carriers were caused by *Enterobacteriaceae*, of which 57% were due to Klebsiella pneumoniae. K. pneumoniae bacteremia diversity included one patient with KPC-producing K. pneumoniae, five patients with extended-spectrum beta-lactamase (ESBL)-producing K. pneumoniae, and two with non-carbapenem-resistant K. pneumoniae.

Microbiota characterization. {#s2.2}
----------------------------

To characterize the microbiota, participants' fecal DNA was subjected to 16S rRNA gene sequencing.

Taxonomic classification revealed that the dominant bacterial phyla were *Bacteroidetes* (56 to 62%), *Firmicutes* (19 to 35%), and *Proteobacteria* (6 to 21%) ([Fig. 1A](#fig1){ref-type="fig"}). *Firmicutes* prevalence was significantly lower in the CRE carriers than in noncarriers and healthy controls (*P \< *0.005); numbers of *Proteobacteria* were significantly higher in the CRE carriers (*P \< *0.005). The ratio of *Firmicutes* to *Bacteroidetes*, considered highly relevant in human gut microbiota composition ([@B12], [@B13]), was lowest in the CRE carriers (0.35 ± 0.05), higher for hospitalized noncarriers (0.41 ± 0.05), and highest in the healthy group (0.63 ± 0.05) (*P \< *0.05).

![Microbiota composition in the healthy participants, hospitalized CRE carriers, and hospitalized noncarriers. Bacterial composition was assessed by Illumina MiSeq 16S rRNA gene sequencing of fecal DNA samples. (A) Relative abundances of the three dominant phyla in the three experimental groups. Blue, healthy group; red, CRE carriers; green, noncarriers. \*, *P \< *0.005; \*\*, *P \< *0.001; NS, not significant. (B) Alpha diversity between microbial communities was box-plotted based on the Shannon diversity index. (C) Beta diversity between microbial communities was clustered using PCoA based on weighted UniFrac measure.](mSphere.00173-20-f0001){#fig1}

Microbial diversity and composition. {#s2.3}
------------------------------------

Microbial richness assessment, determined using the Shannon index, revealed that CRE carriers had significantly lower richness than the other groups (*P \< *0.005) ([Fig. 1B](#fig1){ref-type="fig"}). Interestingly, the healthy and noncarrier groups did not differ in the richness measure.

The bacterial communities of the three groups were compared using principal-coordinate analysis (PCoA) based on weighted UniFrac measure ([Fig. 1C](#fig1){ref-type="fig"}). The samples from healthy individuals clustered separately from those from hospitalized participants. The PC1 and PC2 vectors significantly discriminated between the groups (Kruskal-Wallis test; *P \< *0.001). We found no significant association between the PCo scores and chemotherapy, radiotherapy, gastrointestinal disease (GID), diabetes mellitus, or other clinical variables. LEfSe (linear discriminant analysis coupled with effect size measures) was used to identify bacterial taxa associated with CRE carriage, by comparing the microbiota of CRE carriers and noncarriers ([Fig. 2A](#fig2){ref-type="fig"}). The CRE carriers had a significantly increased prevalence of different genera belonging to the family *Enterobacteriaceae*, including *Pantoea*, *Enterobacter*, *Klebsiella*, and *Erwinia*. Decreased prevalence was observed for the *Rikenellaceae*, *Barnesiellaceae*, and genera belonging to the *Clostridiales*, including *Ruminococcus*, *Faecalibacterium*, *Coprococcus*, and *Ornithobacterium* (see linear discriminative analysis \[LDA\] scores in [Fig. 2C](#fig2){ref-type="fig"}), and anaerobic commensals, with potentially important beneficial roles for the host ([@B6], [@B7], [@B14]). The decreased abundance of members of the family *Barnesiellaceae* among CRE carriers was also significant in analysis of the microbiotas with the removal of all operational taxonomic units (OTUs) belonging to the family *Enterobacteriaceae*.

![Bacterial markers associated with CRE carriers. Differentially abundant OTUs between CRE carriers (red) and noncarriers (green) were identified using LEfSe and are presented as a cladogram (A) and a histogram of LDA scores (log~10~) (B). Groups are defined according to the microbiota origin. (C) Cladogram of differently abundant OTUs with classes defined according to carriers/noncarriers/subcarriers and subclasses defined according to carriers/noncarriers. Only taxa with an LDA score of ≥2 and a *P* value of \<0.05 are shown. \*, *P* \< 0.01; \*\*, *P* \< 0.005; \*\*\*, *P* \< 0.001.](mSphere.00173-20-f0002){#fig2}

Analysis of the bacterial communities by PCoA also enabled detection of a subcluster within the CRE carrier group ([Fig. 1C](#fig1){ref-type="fig"}). LEfSe showed that this subcluster had increased prevalence of the phylum *Proteobacteria* and the genus *Klebsiella* ([Fig. 2B](#fig2){ref-type="fig"}). This CRE carrier subcluster, as in the CRE carrier group, showed a decreased prevalence of the phylum *Synergistetes*, the family *Barnesiellaceae*, and an unclassified genus of *Barnesiellaceae*. Analysis of the clinical parameters of this subcluster indicated that three of eight patients received ceftriaxone treatment (compared to three of the 32 remaining carriers). However, no demographic or clinical differences between this subcluster and the rest of the CRE carriers were detected. In addition, no significant association was found between the PCo scores of the microbiota and all antibiotic treatments between the hospitalized groups.

We observed significant differences between the microbial communities of the healthy individuals and those of both hospitalized groups ([Fig. 1C](#fig1){ref-type="fig"}). Analyses between the healthy group and each of the two hospitalized patient groups separately revealed few taxa characterizing hospitalized patients, including *Klebsiella*, *Enterococcus*, *Eggerthella*, *Citrobacter*, and *Coprobacillus* (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material). Comparing only the CRE carriers with the healthy group revealed an increase in the abundance of the genera *Enterobacter*, *Klebsiella*, and *Erwinia*, which belong to the family *Enterobacteriaceae*, and decreases in the abundances of *Faecalibacterium* and *Coprococcus*. The prevalence of *Barnesiellaceae* was also decreased in the in CRE carriers compared to the healthy participants.
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Bacterial markers associated with hospitalization. Differentially abundant operational taxonomic units (OTUs) between healthy participants and noncarriers (left) and between healthy participants and CRE carriers (right) were identified using LEfSe. LDA score bars are colored according to the group in which the bacterial taxon was more abundant (red, CRE carriers; blue, healthy participants; green, noncarriers). Groups are defined according to the microbiota origin. Only taxa with an LDA of ≥2 and a *P* value of \<0.05 are shown. Download FIG S1, PDF file, 0.2 MB.
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Functional prediction of the microbiota. {#s2.4}
----------------------------------------

In this study, we used 16S rRNA genes to study microbial communities in CRE carriage. However, this marker gene cannot directly identify metabolic or other functional capabilities of the microorganisms. Nonetheless, PICRUSt (phylogenetic investigation of communities by reconstruction of unobserved states) is a technique that uses evolutionary modeling to predict metagenomes from 16S data and a reference genome database. PICRUSt-predicted metabolic pathways differ between CRE carriers and noncarriers, and these differing pathways correlated with the relative abundances of the bacteria differentiating the hospitalized groups as identified by LEfSe.

We found that CRE carriers were enriched in functional categories associated with xenobiotic biodegradation and metabolism (level 2 \[L2\]) and amino benzoate degradation (L3) (LDA score = 3.03 and 2.14, respectively; *P \< *0.02) (see [Fig. S2](#figS2){ref-type="supplementary-material"}). Moreover, the family *Enterobacteriaceae* positively correlated with xenobiotic biodegradation and metabolism (*R* = 0.534; false discovery rate \[FDR\] *P \< *0.003). Other functional categories that were different in CRE carriers included reduction in histidine metabolism (L3), elevation in ubiquinone and other terpenoid-quinone biosyntheses (L3), and tryptophan metabolism (L3) ([Fig. 3](#fig3){ref-type="fig"}).

![Inferred gut microbiome functions associated with CRE carriage. Predicted microbial functions were inferred by PICRUSt from 16S rRNA gene sequences. The relative abundances of level 2 (A) and level 3 (B to D) KEGG-selected functions of hospitalized CRE carriers and noncarriers are shown. \*, *P* \< 0.05; \*\*, *P* \< 0.005.](mSphere.00173-20-f0003){#fig3}
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Inferred gut microbiome functions associated with CRE carriage. Predicted microbial functions of hospitalized CRE carriers and noncarriers were compared by LDA effect size (LEfSe) analysis of KEGG (Kyoto Encyclopedia of Genes and Genomes) based on level 3 (A) and level 2 (B) pathways. Panel C shows the principal-coordinate analysis of selected functions, which were differently expressed between the hospitalized CRE carriers and noncarriers. Download FIG S2, PDF file, 0.3 MB.
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DISCUSSION {#s3}
==========

This study has demonstrated that CRE-colonized patients have dysbiotic microbiotas in terms of community membership, with different functional metabolic microbiota profiles.

The intestinal microbiota can protect itself against colonization with new bacteria (colonization resistance), while dysbiosis is apparently exploited by CRE for colonization. On the other hand, it is also possible that the established CRE colonization induces significant perturbations to the microbiota, which in turn may act as a pathogenic community to perpetuate host pathology ([@B15]).

We observed that healthy individuals have higher microbial diversity, while CRE carriers have the lowest diversity ([Fig. 1B](#fig1){ref-type="fig"}) ([@B16], [@B17]). Moreover, we observed three clusters, indicating different microbial community structures for each of the experimental groups ([Fig. 1C](#fig1){ref-type="fig"}). This is in agreement with numerous studies that have shown reduced bacterial diversity in obesity, inflammatory bowel disease, irritable bowel syndrome, and type 2 diabetes mellitus ([@B16], [@B17]). Since CRE carriers and noncarrier hospitalized patients received antibiotic treatments, the enrichment found in *Klebsiella*, *Enterococcus*, and *Citrobacter* compared to the healthy group supports a previous study indicating that antibiotic treatment promotes intestinal colonization by *Enterococcus* and *Enterobacteriaceae* ([@B8]). Few specific taxa of the microbiota were different between the CRE carriers and noncarriers. First, in addition to the CRE themselves, we observed increased abundance of *Enterobacteriaceae* (*Enterobacter*, *Erwinia*, *Pantoea*, and *Klebsiella*), among which were resident species with virulence potential that are normally kept at low levels. This consequently predisposes the host to infections with life-threatening sequelae caused by the CRE themselves and potentially other pathobionts.

Second, concurrently with the enrichment in *Enterobacteriaceae*, a depletion of anaerobic commensals was observed ([Fig. 2](#fig2){ref-type="fig"}), among which were *Coprococcus* and *Faecalibacterium*, two important short-chain fatty acid (SCFA)-producing commensal bacteria ([@B14]). These SCFAs are physiological by-products of carbohydrate fermentation by the microbiota and serve to salvage energy for the host, enhance the mucosal barrier, and inhibit intestinal inflammation and oxidative stress ([@B18]). Among the functional consequences of reduction in anaerobic bacteria is a reduced metabolic capacity, often exemplified by a decline in SCFA production. Dysbiosis caused by broad-spectrum antibiotics (e.g., clindamycin and cephalosporins), which can presumably enable CRE colonization, is commonly associated with low intestinal SCFA levels ([@B18]).

Colonization resistance depends on microbiota diversity, as well as microbial composition. The intestinal microbiota can protect efficiently against colonization by many enteric pathogens ([@B7], [@B19], [@B20]). Therefore, it is not surprising that during dysbiosis, intestinal colonization resistance is impaired. *Barnesiella* spp. were less abundant in CRE carriers than in the noncarriers and the healthy control group. Interestingly, it was shown that *Barnesiella* spp. have the ability to restrict the growth of intestinal pathogens and limit colonization with highly antibiotic-resistant bacteria, and they are required to prevent expansion of oxygen-tolerant bacteria such as *Enterobacteriaceae* ([@B6], [@B7], [@B20]).

As an outcome of dysbiosis, predictions of metabolic function also indicated a profile shift. In CRE carriers, we found changes in the abundances of several pathways, including increased histidine metabolism and decreased biosynthesis of ubiquinone and other terpenoid quinones, tryptophan metabolism, xenobiotic biodegradation and metabolism, and amino benzoate degradation ([Fig. 3](#fig3){ref-type="fig"}). These metabolic alterations were previously linked to modulation of the immune system response to pathogens and the adaptive immune system activation ([@B21], [@B22]) and to compromised intestinal epithelial barrier and function, which allow bacterial translocation ([@B6], [@B23]).

The xenobiotic biodegradation and metabolism pathway, and specifically the aminobenzoate degradation pathway, generates catechol (1,2-dihydroxybenzene), which promotes *Enterobacteriaceae* growth and virulence ([@B24]). This can explain the enrichment of this pathway ([Fig. 3](#fig3){ref-type="fig"}) and its positive correlation with *Enterobacteriaceae* and may suggest a causative scenario in which the change in the microbiota leads to *Enterobacteriaceae* enrichment. Taken together, the functional prediction of the microbiota leading to enrichment in *Enterobacteriaceae*, the immune system modulation, and the intestinal epithelial damage can explain the higher rate of bloodstream infections in the CRE carriers, since colonization with *Enterobacteriaceae* has been associated with increased risk for bacteremia ([@B25]).

These compositional and functional changes predispose the host to invasive infection and death. We found higher rates of bacteremia (not caused only by CRE) in the CRE carrier group than in the noncarriers ([Table 2](#tab2){ref-type="table"}). Interestingly, only one patient had bacteremia with KPC-producing K. pneumoniae, which is consistent with a previous study showing that K. pneumoniae isolates from blood samples were less likely to harbor KPC ([@B3]). This can be explained by the fitness costs of resistance, typically observed as a reduced bacterial growth rate ([@B26]).

On the basis of other studies, we speculate that a dysbiotic microbiota and a high rate of bacteremia in CRE carriers are linked by low levels of SCFAs. SCFAs were shown to interact with innate mechanisms of defense against infection (regulation of immune cell function) and low levels of "defensive bacteria," such as *Barnesiella* ([@B6], [@B18]).

Based on this study, it is not possible to determine causality between dysbiosis and CRE colonization, as dysbiosis can be both a cause and a result of CRE colonization. One major limitation of our study is the strong impact of antibiotic treatment on the gut microbiota ([@B27]). To weaken the effect, one of our control groups was composed of hospitalized non-CRE carriers. Both hospitalized groups were hospitalized (for at least 7 days) at the same health care facility and were treated with an antibiotic profile similar to that of the hospitalized CRE carriers. As mentioned, no significant confounding factors differed between the CRE carriers and noncarriers, except for the CRE carriage itself. There may be other unexamined factors that may cause the microbial differences we found. Moreover, all taxon-associated analyses were conducted by excluding the healthy (not hospitalized) controls, since they were not specifically tested for CRE carriage and the lack of antibiotic treatment does not allow proper comparison between the groups.

Once established, the gut microbiota composition is relatively stable throughout adult life, but it can alter as a result of the action of several vectors. In our study, a trend toward a statistically significant difference between the experimental groups was found in the following factors: treatment with carbapenem, chemotherapy treatment, and gastrointestinal disease or disorder. However, we cannot point to the exact determinants influencing the microbiota composition in CRE carriers. Whatever the predominant factors that modify the microbiota are, the result is an "unhealthy microbiota" which has lost key species required for shaping a "healthy microbiota." Indeed, the gut microbiota has been previously shown to affect susceptibility to infections caused by other pathogens, such as Vibrio cholerae ([@B28]) and C. difficile ([@B29]).

Conclusions. {#s3.1}
------------

Overall, the results in our cohort indicate that the interrelation between dysbiotic microbiota, its pool of bacterial genes (microbiome), and their expressed functions might weaken the protection and resistance against colonization and infection with CRE and other pathobionts. Therefore, our study supports the challenging possibility of fecal transplantation as a therapeutic strategy for CRE carriage, a strategy already efficiently used to treat recurrent C. difficile infection ([@B18], [@B30]) and studied for eradication of carriage of other highly drug-resistant enteric bacteria ([@B7], [@B31], [@B32]). Reintroducing specific strains and/or correction of dysbiosis with probiotics or fecal transplantation may potentially lead to restoration of colonization resistance ([@B7], [@B31]).

MATERIALS AND METHODS {#s4}
=====================

Study design and participants. {#s4.1}
------------------------------

The study population was composed of two control groups (15 healthy adults and 22 hospitalized non-CRE carriers) and one group of CRE carriers (*n *= 40). Hospitalized adults were recruited from the Division of Internal Medicine at Rambam Health Care Campus (Haifa, Israel); nonhospitalized healthy participants were recruited from the local community and most likely were not CRE carriers. Within the hospitalized groups, CRE carriage was determined upon hospitalization and every other week by routine screening for rectal carriage by PCR of five genes (KPC, NDM, OXA48, VIM, and IMI). The average hospitalization periods prior to recruitment and sample collection were 10 and 11 days (carriers and noncarriers, respectively), with the exclusion of one CRE carrier patient, who was hospitalized for 263 days.

The following exclusion criteria were applied to the healthy group to avoid factors capable of altering the microbiome: current smoker, active or recent (within 6 months) chemotherapy and/or radiation treatment, homeopathic-preparation use, current infectious disease, chronic or acute gastrointestinal tract disease (including Clostridium difficile infection), and antibiotic treatment or vaccination within the last 6 months prior to sample collection. This group of individuals volunteered and were recruited randomly by hospital staff. Nonetheless, due to the lack of antibiotic treatment, the differences in participants' average ages, and the fact they were not hospitalized under similar conditions, the majority of comparative analyses were conducted between the two hospitalized groups. Inclusion criteria for CRE carriers included hospitalization following CRE identification conducted upon hospitalization. Inclusion criteria for hospitalized noncarriers included hospitalization for at least 6 days, treatment with antibiotics, and negative tests for carriage of any antibiotic-resistant bacteria.

Written informed consent was obtained from all study participants. The study was approved by the Rambam Health Care Campus ethics committee (approval number 0418-14-RMB). This study conformed to the Helsinki Declaration and to local legislation.

Clinical analyses were performed on the entire study population (*n *= 77), and 55 samples from the three groups were sent for sequencing (the earliest recruits; 10 healthy participants, 19 noncarriers, and 26 carriers). Clinical variables, including medical background, and laboratory parameters, were retrieved from medical records ([Tables 1](#tab1){ref-type="table"} and [2](#tab2){ref-type="table"}).

Sample collection. {#s4.2}
------------------

Fresh fecal samples were collected from hospitalized participants by the research cadre (CRE carrier and noncarrier groups) immediately after recruitment. Following collection, swabs were stored at −80ºC. Samples from healthy participants were self-collected by participants, transported in a freezer pack to the laboratory within 24 h of collection, and then stored at −80ºC.

Microbiota sequencing and taxonomy assignment. {#s4.3}
----------------------------------------------

Total DNA was extracted and amplified as previously described ([@B33], [@B42]). Briefly, total fecal DNA was extracted using a QIAamp DNA stool minikit (Qiagen, Hilden, Germany). PCR amplification of the 16S rRNA gene V3-V4 region was conducted using primers CS1-341F and CS2-806R ([@B34]). Samples were sequenced at the DNA Services Facility, University of Illinois at Chicago, using a dual PCR strategy ([@B35]). Samples were barcoded in a second PCR on an Illumina MiSeq sequencer, using standard V3 chemistry with paired-end 300-bp reads. The resulting paired-end FASTQ files were merged using the PEAR software package. Primer sequence removal and length trimming (for sequences of \<390 bp) were conducted using the software package CLC Genomics Workbench (v7; CLC Bio, Qiagen, Boston, MA). Sequences were screened for chimeras using the usearch61 algorithm ([@B36]), and putative chimeras were removed from the data set. Sequence data were processed using the Quantitative Insight into Microbial Ecology (QIIME) 1.8.0 pipeline. Operational taxonomic units (OTUs) were defined based on 97% similarity clustering using the UCLUST algorithm ([@B37]). Taxonomy was assigned against the Greengenes database (v13_8) as the reference ([@B38]).

Microbiota composition and metabolic analysis. {#s4.4}
----------------------------------------------

Diversity analyses were calculated with a rarefied OTU table containing 40,000 reads per sample and were conducted twice, i.e., with and without taxa belonging to the family *Enterobacteriaceae*. Alpha diversity was calculated using the Shannon diversity index and visualized by box plots using the statistical software environment R.

Beta diversity was determined by computing weighted UniFrac distance, and the resulting matrices were visualized by principal-coordinate analysis (PCoA) plots. The PCo score comparison based on the Kruskal-Wallis test was used to analyze the association between community composition among the study groups and the clinical variables using R.

Linear discriminant analysis coupled with effect size measures (LEfSe) ([@B39]) was used to identify the taxa differentiating the experimental groups (healthy participants versus CRE carriers; CRE carriers versus noncarriers; healthy participants versus noncarriers; hospitalized bacteremia patients versus nonbacteremia patients). Taxa showing an LDA score of \<2.5 were further compared and correlated with all the clinical variables, including CRE type and species, and with the different antibiotic treatments by the Kruskal-Wallis test using R. The antibiotic treatment was also tested by combining treatment targets (i.e., Gram-positive bacteria, Gram-negative bacteria, broad-spectrum antibiotic).

Bacterial metabolic activity abundance, as defined by the Kyoto Encyclopedia of Genes and Genomes (KEGG) ([@B40]), was generated by PICRUSt (version 1.1.3) ([@B41]). PICRUSt imputes metabolic pathways from 16S data only for taxa with the entire genome available as a reference. It was implemented using closed reference OTUs picked by QIIME over the same set of sequences. LEfSe was used to identify functional attributes differentiating between CRE carriers and noncarriers. Selected functional attributes were compared based on the Kruskal-Wallis test using R. Relative abundance of bacteria with an LDA score of \>2 in the LEfSe analyses between hospitalized CRE carriers and noncarriers was correlated with level 2 and 3 (L2 and L3) functional profiles. Pearson correlation coefficients and FDR-corrected *P* values were calculated using R.
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